The diagnosis of tuberculous meningitis (TBM) remains a complex issue because the most widely used conventional diagnostic tools, such as culture and PCR assay for cerebrospinal fluid (CSF) samples, are unable to rapidly detect Mycobacterium tuberculosis with sufficient sensitivity in the acute phase of TBM. Based on TaqMan PCR, we designed a novel technique consisting of an internally controlled quantitative nested real-time (QNRT) PCR assay that provided a marked improvement in detection sensitivity and quantification. We applied this novel technique to quantitatively detect M. tuberculosis DNA in CSF samples from patients with suspected TBM. For use as the internal control in the measurement of the M. tuberculosis DNA copy numbers in the QNRT-PCR assay, the original mutation (M) plasmid, which included an artificial random 22-nucleotide sequence within an inserted DNA fragment of the MPB64 gene of M. tuberculosis, was prepared. The QNRT-PCR assay showed high sensitivity and specificity that were approximately equivalent to those of the conventional nested PCR assay. Moreover, the QNRT-PCR assay made it possible to precisely and quantitatively detect the initial copy number of M. tuberculosis DNA in CSF samples. Therefore, compared to the conventional PCR assay, the QNRT-PCR assay can be considered a more useful and advanced technique for the rapid and accurate diagnosis of TBM. To establish the superiority of this novel technique in TBM diagnosis, it will be necessary to accumulate data from a larger number of patients with suspected TBM.
Recently, in the diagnosis of tuberculous meningitis (TBM), the detection of Mycobacterium tuberculosis DNA in cerebrospinal fluid (CSF) samples using PCR has been widely used as a more rapid, sensitive, and specific diagnostic method than the conventional bacteriological detection methods, such as direct smear for acid-fast bacilli (AFB) and culture for M. tuberculosis (7, 8, 12, 17, 18) . Use of the nested PCR assay has provided a remarkable increase in sensitivity and specificity of DNA amplification compared to the conventional single-step PCR assay (8, 12, 17, 20) . However, the nested PCR assay using CSF samples has yet to be widely used in TBM diagnosis, due to its laborious and time-consuming procedure, which carries a high risk of sample contamination (8, 12, 17, 20) . Recently, real-time PCR assays have been applied in routine diagnostic laboratory testing (1, 10, 14, 16, 22) . In addition to conventional qualitative analysis, real-time PCR assays make it possible to perform accurate quantitative analyses with a high degree of reproducibility (3, 4, 5, 6, 9, 15, 19, 21, 23) .
In this study, we attempted to develop a novel technique of internally controlled quantitative nested real-time (QNRT) PCR assay based on TaqMan PCR (Applied Biosystems). This novel technique combines the high sensitivity of nested PCR with the accurate quantification of real-time PCR. Using the QNRT-PCR assay, we examined the ability to detect M. tuberculosis DNA in CSF samples and evaluated the clinical usefulness of this technique with regard to the rapid and accurate diagnosis of TBM compared to other conventional methods.
MATERIALS AND METHODS
Subjects and clinical samples. This study was approved by the Nihon University Institutional Review Board.
Nine serial patients with suspected TBM and 20 non-TBM control patients were selected from patients who were admitted to our hospital between July 2000 and April 2004. All nine suspected TBM patients met the previously established clinical criteria and had supporting evidence of TBM (7, 8, 11, 12, 17, 18, 20) (see Table 3 ) and were classified as two "confirmed" cases (positive CSF culture or AFB smear) and seven "highly probable" cases (meeting all the clinical criteria and with three types of positive supporting evidence but without any bacterial isolation) (7, 8, 11, 12, 17, 18, 20) . The CSF samples were collected from these nine suspected TBM patients upon admission (before antituberculosis treatment [ATT] ). In addition, the extracted DNA specimen from the M. tuberculosis standard strain H37Rv (ATCC 25618) was used as the positive control in this study.
The non-TBM control group consisted of four cases of bacterial meningitis, three of cryptococcal meningitis, three of viral meningitis, six of multiple sclerosis, and one each of central nervous system (CNS) lupus, CNS malignant lymphoma, hepatic insufficiency, and neuro Behçet's disease. The diagnoses for the non-TBM control cases were based on their specific clinical and laboratory findings. Moreover, to determine the analytical specificity and cross-reactivity of our assays, the extracted DNA specimens from six additional reference strains of non-M. tuberculosis species-Mycobacterium bovis BCG (ATCC 19274), Mycobacterium avium (ATCC 15769), Mycobacterium intracellulare (ATCC 15985), and clinically isolated Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa-were tested.
Extraction and purification of DNA from CSF samples. A 500-l aliquot of original lysis buffer containing 20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 0.8% (vol/vol) sodium dodecyl sulfate, and 0.5 mg of proteinase K was prepared. This lysis buffer was added to 500 l of the CSF sample, followed by incubation in a water bath at 65°C overnight. After incubation, the total 1,000-l suspension was divided into two 500-l aliquots for use in the conventional nested PCR or the novel QNRT-PCR assay.
For DNA extraction and purification from the 500-l aliquots, the conventional phenol-chloroform method and ethanol precipitation were used. To efficiently extract a small amount of DNA, a high-molecular-weight carrier, Ethachinmate (Nippon Gene, Tokyo, Japan), was used as a coprecipitating agent for the nucleotides in the ethanol precipitation. After complete vacuum desic-cation, the extracted DNA specimen was resuspended in 20 l of pure water and then stored at Ϫ20°C until it was used.
Principle and assay conditions of conventional nested PCR. For use in the two subsequent amplification steps of the nested PCR assay, two pairs of primers capable of specifically amplifying the gene sequence encoding the MPB64 protein of M. tuberculosis (MPT64; GenBank accession no. NC_000962) were prepared. The sequences and positions of the outer forward (F-1) and reverse (R-1) primers, as well as the inner forward (F-2) and reverse (R-2) primers, are shown in Table 1 and Fig. 1 . An 18-l mixture of the PCR solution containing 10 mM Tris-HCl (pH 8.0), 50 mM KCl, 1.5 mM MgCl 2 , 400 M of each deoxynucleoside triphosphate mixture, 20 pM (each) of the primers F-1 and R-1 at the first-step (single) PCR or the primers F-2 and R-2 at the second-step (nested) PCR, and 2.5 U of Taq DNA polymerase was prepared. As the template, 2 l of the extracted DNA specimen at the first step or 2 l of the single PCR product at the second step was added to the PCR solution mixture (each total reaction volume was 20 l). These preparations were subjected to two subsequent PCR amplification protocols as shown in Table 2 .
In addition, all assays were simultaneously monitored for extraction efficiency from CSF samples and for the presence of PCR inhibitors by amplifying a fragment of human chromosomal DNA as the internal control. A pair of primers that were specific for the human ␤-globin gene (HBB; GenBank accession no. L48217) was prepared ( Table 1 ). The 196-bp HBB fragment, as the internal control, was amplified in another tube under the same assay conditions as the single PCR for M. tuberculosis DNA.
Principle of QNRT-PCR (i) Assay conditions. Similar to the conventional nested PCR assay, the novel QNRT-PCR assay also consists of two consecutive PCR amplification steps. However, the second step of the QNRT-PCR assay is changed to the real-time (TaqMan) PCR for quantitative analysis.
In the first-step PCR, 2 l of the extracted DNA specimen as the template was amplified by using the same outer primers, F-1 and R-1, under the same assay conditions as in the conventional single PCR (Table 2) . For the second-step PCR, a new pair of inner primers that were also specific for MPT64 was prepared. The sequences and positions of these new inner primers (TaqMan forward primer [TqMn-F] and TaqMan reverse primer [TqMn-R]) are shown in Table 1 and Fig. 1 . In addition, two specific 22-nucleotide TaqMan probes, which were labeled with the fluorescent reporter dye VIC or 6-carboxyfluorescein (FAM), were prepared. The sequences and positions of these two TaqMan Table 1 and Fig. 1 . The 23-l mixture for each of the PCR solutions, containing 12.5 l TaqMan Universal PCR Master Mix, 0.9 M (each) of the inner primers (TqMn-F and TqMn-R), and 0.2 M TaqMan probe (TqMn-wild-VIC or TqMn-mut-FAM), was prepared. As the template, 2 l of the first-step PCR product was added to this PCR solution mixture (each total reaction volume was 25 l). This preparation was subjected to the protocol shown in Table 2 , and the procedure used the ABI PRISM 7700 sequence detector system (PE Applied Biosystems, Foster City, CA).
(ii) Preparation of the two types of the original plasmid. For the quantitative detection of M. tuberculosis DNA in CSF samples, two types of original plasmid, "wild" (W) and "mutation" (M) plasmids, were created in our laboratory.
The original W plasmid was prepared for use as the standard template in the second step of the QNRT-PCR assay and included a 239-bp DNA fragment of MPT64. A purified first-step PCR product obtained from the positive control strain (M. tuberculosis H37Rv) was inserted into the pCR2.1 vector and then cloned using the TA cloning kit (Invitrogen Corp., San Diego, CA).
The original M plasmid was generated based on the W plasmid for use as the internal control ("ruler") in the QNRT-PCR assay. The M plasmid included 22 artificial random nucleotides within the inserted 239-bp DNA fragment of MPT64 (Fig. 1) . The sequence of these 22 artificial random nucleotides was set so that it had the same nucleotide composition as the W plasmid. To generate the M plasmid, a pair of primers, which were specific for MPT64 and contained an additional 16 artificial nucleotides at the 5Ј end, was prepared. The sequences and positions of these primers (Nhe-1F and Nhe-1R) are shown in Table 1 and Fig. 1 . The additional artificial nucleotides of the each primer included the NheI restriction site (5Ј-GCTAGC-3Ј) at the 5Ј end ( Table 1 ). The PCR was performed using these primers and 2 l of the W-plasmid preparation as the template and was subjected to the protocol shown in Table 2 . The PCR product was digested at both ends by the restriction enzyme NheI and was then ligated. Since there was no NheI site within the pCR2.1 vector, it was possible to accurately ligate both ends of the PCR product. This ligation product (i.e., M plasmid) was also cloned using the TA cloning kit (Invitrogen Corp.).
The nucleotide sequences of the DNA fragments inserted into the W and M plasmids were confirmed by direct sequencing in both strands. Concentrations of the W-and M-plasmid DNAs were measured at least three times by a UV spectrophotometer at 260 nm, and then 11 serial sets of 10-fold dilutions were prepared (1 to 10 10 copies/2 1). The seven serial sets of the 10-fold dilutions of the W and M plasmids (10 4 to 10 10 copies/2 1) were used as the standard templates to construct the two specific standard curves. In addition, 10 3 copies of the M plasmid were adopted as the internal control ("ruler"). This copy number was determined by preliminary experiment (described below). (iii) Quantitative detection of M. tuberculosis DNA. In the second step of the QNRT-PCR assay, TqMn-wild-VIC specifically anneals to the natural sequence of MPT64 in wild-type M. tuberculosis, whereas TqMn-mut-FAM specifically anneals to only the artificial 22 random nucleotides of the M plasmid for use as the internal control. TqMn-mut-FAM has exactly the same nucleotide composition as TqMn-wild-VIC but has a different and random sequence that is complementary to the 22 artificial random nucleotides of the M plasmid (Table 1) . Therefore, the annealing efficiencies of these two TaqMan probes to the template can be regarded as the same.
In the QNRT-PCR assay, both M. tuberculosis DNA and the internal control (M plasmid) were extracted simultaneously from the CSF samples. In addition, they were simultaneously amplified by the two common pairs of primers under the same assay conditions, followed by detection using the two TaqMan probes having the same annealing efficiency. Therefore, the efficiencies of extraction, amplification, and detection for both the M. tuberculosis DNA and the internal control can be regarded as being equivalent throughout the extraction and two steps of the PCR amplification procedure (Fig. 2) . In order to calculate the initial copy number of M. tuberculosis DNA in CSF samples before passing them through the extraction and the two subsequent PCR amplification steps, we formulated equation 1, based on the above hypothesis.
In equation 1, X represents the initial copy number of M. tuberculosis DNA in the 250 l of CSF sample; m represents the initial copy number of the internal control (10 3 copies of M plasmid); and W and M represent the copy numbers of M. tuberculosis DNA and the internal control, respectively, after they have passed through the extraction and the PCR amplification procedures.
Clinical application of the QNRT-PCR assay. In this study, the QNRT-PCR assay was used to examine a total of 29 clinical CSF samples that were collected from 9 patients with suspected TBM and 20 non-TBM control patients. In addition, six reference strains of non-M. tuberculosis species were also examined. The data obtained from the QNRT-PCR assays were used in equation 1 to calculate the initial copy number of M. tuberculosis DNA for each sample.
Evaluation of the precision of the standard curves. For real-time (TaqMan) PCR, the standard curve for the quantitative analysis is constructed automatically by plotting each of the threshold cycle numbers (C T values) against the log of the starting copy numbers for the standard templates.
For the QNRT-PCR assay, two specific standard curves for the quantitative detection of M. tuberculosis DNA and the internal control, respectively, are needed. To statistically evaluate the precision of these two specific standard curves, the following preliminary experiments were performed. Samples (2 l) of the seven serial sets of the 10-fold dilutions of the W and M plasmids (10 4 to 10 10 copies/2 l) were used as the standard templates. The real-time PCR to construct two specific standard curves was performed in duplicate under the same assay conditions as the second step of the QNRT-PCR assay. This preliminary experiment was repeated five times. All of the C T value data collected from the preliminary experiments were statistically analyzed by a simple regression analysis and a two-way analysis of variance (ANOVA).
Optimization of QNRT-PCR assay conditions. For the QNRT-PCR assay, three important parameters may affect the assay conditions: the amplification cycle number for the first-step PCR, the copy number of the internal control, and the primer concentration for the second-step PCR. These were determined by the following series of preliminary experiments.
In the preliminary experiments, 500 l of "imitative" CSF samples containing the W plasmids (1 to 10 5 copies) instead of the actual M. tuberculosis DNA were prepared (see Fig. 5A ). In addition, 10 3 , 10 4 , and 10 5 copies of the M plasmids were used as the internal control (see Fig. 4A ). Under various different assay conditions, two subsequent PCR amplification steps were performed using 2 l of the extracted products from the "imitative" CSF samples as the template. In the second-step PCR, the C T value data against the starting copy numbers of the W and M plasmids were collected. These preliminary experiments were performed in duplicate and repeated five times.
To determine the optimal amplification cycle number for the first-step PCR, it was performed every 5 cycles from 20 to 35 cycles. The C T value data for each starting copy number of the W plasmids were statistically analyzed at each cycle number for the first-step PCR using a multiplex comparison test (Tukey-Kramer test).
To determine the optimal copy number for the internal control, 10 3 , 10 4 , and 10 5 copies of the M plasmids were examined. The C T value data for each starting copy number of the W plasmids were also statistically analyzed at each copy number of the internal control using the Tukey-Kramer test. In contrast, the C T value data for each starting copy number of the internal control were statistically analyzed using a one-way ANOVA at each 1, 10, and 100 copies of the W plasmids. 
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To determine the optimal primer concentration for the second-step PCR, 0.9 and 1.8 M primer concentrations were examined. As the internal control, 10 3 and 10 4 copies of the M plasmids were used. The C T value data for the starting copy numbers of the W and M plasmids were statistically analyzed using an F test for each of the two primer concentrations.
A P value of Ͻ0.01 was considered statistically significant in all of the statistical analyses.
Precautions to avoid sample contamination. To avoid contamination, the following original precautions were designed for this study. Screw-cap tubes were used for all sample preparations and reaction mixtures. One hundred preparations of the lysis buffer for the extraction of DNA from the CSF samples were provided simultaneously. The lysis buffer was divided into 500-l aliquots per sample in new screw-cap tubes. Similarly, 100 preparations of the PCR mixture, except for the Taq DNA polymerase, were provided simultaneously and then divided into aliquots per five samples. Each step of the experimental procedure, consisting of reaction mixture preparation, DNA extraction from samples, PCR amplification, and analysis of PCR products, was performed in a separate room. In addition, we exclusively used disposable filter tips for each sample and changed tips for every step throughout the entire experimental procedure. To exclude carryover contamination, at least three negative controls, including no DNA template, were inspected together with the actual samples in each PCR assay. Table 3 summarizes the clinical features before the ATT (upon admission) and the outcomes for the nine serial patients, comprising the two "confirmed" and seven "highly probable" TBM cases. All of the patients were immunocompromised hosts with several background diseases. All nine patients presented with mild to severe neurological symptoms and demonstrated several different levels of abnormal findings in the CSF examination upon admission. The cranial magnetic resonance imaging (MRI) findings also demonstrated several abnormalities: four cases each of hydrocephalus (cases 1, 3, 5, and 8) and intracranial focal masses (cases 1, 3, 5, and 6). Seven patients (cases 2 to 8) demonstrated a good response to the ATT, but two patients (cases 1 and 9) died due to aggravation of the malignant background diseases (renal cancer and adult T-cell leukemia). Autopsies were not performed on these two patients, since permission could not be obtained from their families.
RESULTS

Clinical features of the patients.
Conventional single and nested PCR assay results upon admission. The single PCR assay revealed positive results in only the two "confirmed" (culture-positive) cases (cases 1 and 2) out of a total of nine patients (22.2%) ( Table 3 ). In contrast, the nested PCR assay results were positive for all nine patients (100%) ( Table 3) . Negative results were found for all 20 of the patients in the non-TBM control group for both the single and nested PCR assays. In addition, positive results for the HBB-PCR as the internal control were found in all 29 of the CSF samples. These results indicated that the DNA was well extracted from the CSF samples and that no PCR inhibitors existed in the assay procedures.
Moreover, both the single and nested PCR assays revealed all negative results for the six reference strains of non-M. tuberculosis species. The analytical specificity of these assays was sufficiently demonstrated by these results.
Precision of the standard curves. The two specific standard curves that were constructed based on C T value data collected from the preliminary experiments are shown in Fig. 3A and B. Both of these two standard curves demonstrated a significant linear relationship (value of fit for both curves, r ϭ 0.999) between the C T values and the log of the starting copy numbers for each of the standard plasmids. In both of the standard curves, no significant differences were found among the plots constructed by the preliminary experiments that were repeated separately five times (F ϭ 1.05 and P ϭ 0.45). The precision of the two specific standard curves was sufficiently demonstrated by these results.
Optimization of QNRT-PCR assay conditions. The C T value data (mean Ϯ standard deviation [SD]) collected at different cycle numbers of the first-step PCR are shown in Table 4 . When the first-step PCR was set at 35 cycles, the C T values demonstrated significant differences between all of the starting copy numbers of the W plasmids (1 to 10 5 copies) (P Ͻ 0.01) (Fig. 4B) . Therefore, 35 cycles was adopted as the optimal cycle number in the first-step PCR.
The C T value data (mean Ϯ SD) collected for different copy numbers of the internal control are shown in Table 5 . When 10 3 copies of the M plasmid were set as the internal control, the C T values demonstrated significant differences between all of the starting copy numbers of the W plasmids (P Ͻ 0.01) (Fig. 4C) . In addition, the C T values for 10 3 copies of the M plasmid demonstrated the most uniform variance (no significant difference) between 1, 10, and 100 copies of the W plasmids (F ϭ 1.19; P ϭ 0.42) (Fig. 4D) . Therefore, 10 3 copies of the M plasmid was adopted as the optimal copy number of the internal control.
The C T value data (mean Ϯ SD) collected at different primer concentrations for the second-step PCR are shown in Table 6 . The C T value for the W plasmids and the internal controls (10 3 and 10 4 copies of the M plasmid) demonstrated no significant difference between the 0.9 and 1.8 M primer concentrations by an F test (Table 6 ). Therefore, 0.9 M was adopted as the sufficient and optimal primer concentration for the second-step PCR.
QNRT-PCR assay results. The results of the single-step real-time (TaqMan) PCR assay for the nine patients with suspected TBM are shown in Fig. 5A . In this single-step real-time PCR assay, 2 l of the extracted DNA specimens from the CSF samples were directly used as the template. Although slight specific PCR amplification of M. tuberculosis DNA was found in only two "confirmed" cases (cases 1 and 2) out of the total of nine patients, both were insufficient for quantitative analysis. In the other seven "highly probable" patients (cases 3 to 9), no significant PCR amplification was found. These results were completely consistent with the results of the conventional single PCR assay (Table 3) .
In contrast, sufficient PCR amplification of M. tuberculosis DNA for quantitative analysis was found for all nine patients (100%) for the QNRT-PCR assay after 35 cycles of the firststep PCR were performed (Fig. 5B) . Further, the internal controls (M plasmids) were also amplified sufficiently and uniformly for all nine patients (Fig. 5C) . The QNRT-PCR assay revealed no amplification at all for the CSF samples collected from the 20 patients in the non-TBM control group. Similarly, the QNRT-PCR assay revealed all negative results for the six reference strains of non-M. tuberculosis species. However, adequate amplification of the internal control was found for all of the non-TBM control cases and the non-M. tuberculosis reference strains.
Based on the data obtained from the QNRT-PCR assay, the initial copy number of M. tuberculosis DNA per 250 l of CSF samples that were collected from the nine patients with suspected TBM upon admission was calculated by equation 1. These measured copy numbers of M. tuberculosis DNA are shown in Table 3 .
DISCUSSION
We have developed a novel QNRT-PCR assay technique for the quantitative detection of M. tuberculosis DNA in CSF samples collected from patients with clinically suspected TBM. The novel and principal feature of this QNRT-PCR assay is the ability to calculate the initial copy number of M. tuberculosis DNA in CSF samples before they pass through the extraction and two subsequent PCR amplification steps. In the QNRT-PCR assay, the initial copy number of M. tuberculosis DNA was calculated from the amplification ratio of the specific internal control used as a "ruler." For use as the specific internal control, the original M plasmid was designed so that it had equivalent amplification and detection efficiencies against the actual M. tuberculosis DNA. Based on a similar concept, two pairs of specific primers and specific TaqMan probes were prepared. Consequently, we were able to formulate equation 1, which can be used to determine the initial copy number.
To our knowledge, there have been no other reports in which accurate copy numbers of M. tuberculosis DNA have been measured by using a real-time (TaqMan) PCR technique (1, 10, 14, 16, 22) . Although many previous studies have used a conventional single-step real-time PCR assay to quantitatively detect various infectious pathogens in different clinical samples, few have been able to describe accurate copy numbers of the causative pathogens (3, 4, 5, 6, 9, 15, 19, 21, 23) . In many previous studies, even though various internal controls have been used for monitoring PCR assay conditions, they have regrettably never been used for correctly determining the copy numbers of the causative pathogens (5, 6, 9, 15, 19, 21, 23) . To use an internal control as a "ruler" for correcting the copy number of a causative pathogen, it is necessary to construct a "new" specific internal control with equivalent amplification and detection efficiencies against the causative pathogen. In the current quantitative real-time PCR assay, which has a high sensitivity due to application of the nested PCR technique, we considered that such a "new" specific internal control would play a more important role. Therefore, we considered that the conventional internal controls used in many previous studies were inadequate for the purpose of correcting the copy numbers of causative pathogens in the current study (5, 6, 9, 15, 19, 21, 23) .
The conventional methods of phenol-chloroform extraction and ethanol precipitation have been assumed to be inadequate for routine use in clinical examinations because of their laborious and time-consuming procedures (1, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 16, 17, 18, 19, 21, 22, 23) . Generally, commercial column extraction kits, such as the QIAmp Blood Kit (QIAGEN Inc., Valencia, CA) and the COBAS AMPLICOR respiratory-specimen preparation kit (Roche Diagnostic Systems Inc., Branchburg, NJ), are widely used for DNA extraction from various samples in many clinical laboratories (1, 3, 4, 5, 6, 9, 10, 13, 14, 15, 16, 19, 21, 22, 23) . However, in the current study, it was impossible to extract sufficient M. tuberculosis DNA from CSF samples using commercial extraction kits, and therefore, these popular kits may be inadequate for extracting small amounts of M. tuberculosis DNA from CSF samples. A high-molecularweight carrier (Ethachinmate) was used in the present study as a coprecipitating agent, together with conventional phenolchloroform extraction and ethanol precipitation, making it possible to extract small amounts of M. tuberculosis DNA from the CSF samples more effectively and at a lower cost than with the commercial extraction kits.
Previously, the four major M. tuberculosis-specific sequences, including the regions of IS6110 insertion elements, 65-kDa heat shock protein antigen, 16S rRNA gene, and MPT64, were (1, 7, 8, 10, 11, 12, 14, 16, 17, 18, 20, 22) . Of these four sequence regions, IS6110 and the 16S rRNA gene have been most frequently used as the target sequences for PCR of M. tuberculosis DNA in many clinical laboratories (1, 10, 12, 14, 16, 17, 22) . In particular, the 16S rRNA gene is the target sequence of the COBAS AMPLICOR M. tuberculosis detection kit (Roche Diagnostic Systems Inc.) (16, 22) . MPT64 has been reported to be the most specific and sensitive sequence of M. tuberculosis DNA for the PCR assay (7, 8, 18) . Therefore, the specific primers and TaqMan probes for MPT64 were adopted in this study.
To quantitatively detect a small amount of M. tuberculosis DNA in CSF samples by the QNRT-PCR assay, it is extremely important that both M. tuberculosis DNA and the internal control be amplified with sufficient balance. Therefore, the precision of the two specific standard curves and the optimal assay conditions were strictly examined by statistical evaluation in a series of preliminary experiments. In particular, many investigators have reported that the precision of the standard curve is the principal factor for quantitative detection in realtime (TaqMan) PCR assays (2, 3, 4, 5, 6, 9, 15, 19, 21, 23) . In the present study, the two specific standard curves demon- strated statistically significant precision (r ϭ 0.999; F ϭ 1.04). Therefore, we consider that any overall errors relating to the dilution procedure or within each experiment can be disregarded. In addition, three parameters were examined in detail as important factors that could affect the QNRT-PCR assay conditions. The optimal values of these three important parameters were determined by statistically analyzing the C T value data collected from the preliminary experiments.
Previously, the main argument against the use of the nested PCR protocol has been that, due to its highly increased sensitivity and the required additional amplification step, sample contamination could easily occur (3, 8, 12, 13, 17, 20) . However, the possibility of sample contamination can be minimized by good laboratory practice. In this study, through the use of original precautions to avoid sample contamination, the incidence of sample contamination in the conventional nested PCR assay was markedly reduced from 52.3% to 3.2%. Moreover, its incidence in the QNRT-PCR assay fell below 1%. Therefore, we consider this novel technique to be a reliable assay method.
At present, although the gold standard for TBM diagnosis is bacterial isolation, several complex issues remain to be addressed (7, 8, 11, 12, 17, 18, 20) . Therefore, in place of conventional bacteriological examinations, a new reliable diagnostic tool for TBM is needed (7, 8, 11, 12, 17, 18, 20) . In this study, the conventional single-step PCR assays revealed positive results in only two "confirmed" cases (22.2%). These results may suggest that it is difficult to detect a small amount of M. tuberculosis DNA in CSF samples when using the conventional single-step PCR technique. In contrast, both the conventional nested PCR and the novel QNRT-PCR assays revealed positive results for all nine of the patients (100%). Therefore, the detection sensitivities of these two nested PCR techniques can be considered to be approximately equivalent and to be significantly higher than that of conventional singlestep PCR. Since the nested PCR and the QNRT-PCR assays revealed negative results for all 20 CSF samples collected from the non-TBM control group and the six non-M. tuberculosis reference strains, the analytical specificity of both assays is also considered to be sufficiently high. This QNRT-PCR assay is a novel technique that can quantitatively detect a small amount of M. tuberculosis DNA with a low risk of sample contamination. Recently, we reported a diachronic study that examined the usefulness of the nested PCR assay for assessing the clinical course of TBM (20) . Since the QNRT-PCR assay has the great advantage of being able to quantitatively detect the initial copy number of M. tuberculosis DNA in CSF samples as a numerical value, it may be more useful for assessing the clinical course and the ATT response of TBM patients than the conventional nested PCR assay. However, to establish the superiority of the QNRT-PCR assay in the diagnosis of TBM versus other, conventional methods, it will be necessary to accumulate data from a larger number of patients with suspected TBM.
In conclusion, the QNRT-PCR assay is a novel and advanced technique that combines the high sensitivity of nested PCR and the accurate quantification of real-time PCR. We speculate that if the QNRT-PCR assay is widely adopted within clinical practice, it will be a powerful tool for the rapid and accurate diagnosis of TBM.
